Increasing microalgal starch content by nutrient limitation has been regarded as an affordable approach for the production of third generation bioethanol. This work evaluated starch accumulation in Chlorella vulgaris P12 under different initial concentrations of nitrogen (0-2.2 g urea L
Introduction
The reliance of the global economy on fossil-derived fuels, coupled with the increasing energy demand in emerging countries (e.g. India and China) and the geo-political instability in some world's oil-producing regions, have led to soaring petroleum prices in the last years. Increased use of fossil fuels will also increase atmospheric carbon dioxide (CO 2 ), hastening the global warming crisis. Thus, there is an urgent need to develop sustainable and affordable energy from renewable resources [1] . In this regard, bioethanol from agricultural crops (first generation biofuel system) is a renewable fuel that is attracting the most attention [2] . However, this production system presents significant environmental and economic restraints. The increasing competition with agriculture for cultivable land used for food production has been considered one of the most common concerns related to current first generation biofuels [3, 4] .
Nowadays, microalgae are considered as one of the most promissory renewable feedstock for biofuels production because of several advantages, such as: faster growth, higher photosynthetic efficiency and biomass production compared to other energy crops [5] [6] [7] [8] . The microalga Chlorella vulgaris, in particular, has been recognized as a potential feedstock for bioethanol production due to its capacity to accumulate high levels starch (up to 37% dry weight) [9] .
Several studies have demonstrated that alteration in nutrient concentrations can modify the growth and secondary metabolism of microalgae [10, 11] . Furthermore, microalgae growth depends not only on an adequate supply of essential macronutrient elements (carbon, nitrogen, phosphorus, silicon) and major ions (Mg 2+ , Ca 2+ , Cl À , and SO 2À 4 ) but also on a number of micronutrient metals such as iron, manganese, zinc, cobalt, copper, and molybdenum [12] . Iron is needed for the growth of all phytoplankton. It serves essential metabolic functions in photosynthetic electron transport, respiratory electron transport, nitrate and nitrite reduction, sulphate reduction, dinitrogen (N 2 ) fixation, and detoxification of reactive oxygen species (e.g., superoxide radicals and hydrogen peroxide) [13] .
Although numerous reports have shown that cell composition of microalgae can be affected by a single chemical or physical factor, the effectiveness of such treatment is usually poor, and the change is slow [14] . In fermentation processes, where several variables have to be simultaneously contemplated, it is necessary that the optimization method take their interactions in consideration [15] . The statistical optimization technique through factorial design and response surface analysis satisfy this requirement. The use of factorial design is advantageous as it allows to obtain maximum information of the process by performing a reduced number of experiments [16] . In this sense, central composite design (CCD), a useful methodology that is employed for sequential experimentation, provides reasonable amount of information for testing the 0306-2619/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.apenergy.2011.03.012 goodness of fit from a fewer number of assays, therefore reducing the overall cost associated with the analysis [17] . CCD are 2k factorial treatment designs with 2k additional treatment combinations called axial points and n 0 replications at the center of design. The property of rotatability developed for CCD requires the variance of estimated values to be constant at points equally distant from the center of design [18] . Thus, our study evaluated the effect of initial concentrations of nitrogen and iron sources on starch accumulation in C. vulgaris using a central composite design (CCD) for two factors. Starch productivity and cell growth were also considered for optimization of the culture medium. Prior to the main experiments, microalgae were cultivated in the OGM to the late-exponential growth phase, then centrifuged at 6000 rpm for 15 min, washed in distilled H 2 O and re-suspended in culture medium with a nutrient composition defined by the experimental design. The starting algal density was the same in all experiments of the central composite design: 2 Â 10 7 cells mL À1 .
Material and methods
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Biomass concentration
Microalgae and culture medium were withdrawn from the photobioreactors throughout the assay. Microalgal density was measured microscopically using an improved Neubauer hemocytometer. The growth rate of microalgae was also measured by cell dry weight. Microalgae were also harvested by centrifugation at 6000 rpm during 15 min, washed with distilled H 2 O, and dried at 105°C until constant weight (24 h).
Starch determination
The concentration of microalgal starch at the beginning of the stationary growth phase was assayed by the hydrolysis of starch to glucose with amylolytic enzymes (a-amylase and amyloglucosidase) according to the procedure provided by Megazyme (Wicklow, Ireland) and accepted by AOAC (Official Method 996.11) and AACC (Method 76.13). Lyophilized microalgae biomass was disintegrated with a mortar and pestle, re-suspended in aqueous ethanol and incubated in a water bath at 80-85°C for 5 min, to extract the pigments. Thermostable a-amylase (3000 U mL À1 ) in MOPS buffer (50 mM, pH 7.0) including 5 mM CaCl 2 , was added to each sample. The samples were maintained at 100°C during 6 min, followed by heating at 50°C. Amyloglucosidase (3300 U mL À1 ) in sodium acetate buffer was then added to each sample. Samples were subsequently maintained at 50°C for 30 min, and then centrifuged (10 min) at 3000 rpm. Glucose in the supernatant was assessed by glucose oxidase method.
Total starch content was determined by multiplying the percentage of microalgal starch with the corresponding biomass concentration. The productivity of starch was calculated by the equation below:
where P Starch is the starch productivity, C Starch is the percentage of microalgal starch, W is the dry weight of microalgae, and T is the time of cultivation.
Statistical analysis of the design of experiments (DoE)
The influence of the initial concentration of nitrogen and iron sources (independent variables) on starch content (dependent variable) in C. vulgaris was assessed through a full central composite design (CCD) for two factors. The coding used for these variables is shown in Eq. (2).
where v i is the coded variable, V i is the real value, V 0 is the real value at the central point and DV i the step change value. Table 1 presents the range of real and coded values of the independent variables used in this study.
The experimental results were fitted with a second-order polynomial equation by multiple regression analysis. The quadratic mode for predicting the optimal point was expressed according to Eq. (3), whereŷ i represents the response variable, b 0 is the interception coefficient, b i , b ii and b ij are the regression coefficients, n is the number of studied variables, and X i and X j represent the independent variables. Where possible, the model was simplified by elimination of statistically insignificant terms.
The quality of the fitted polynomial model was expressed by the coefficient of determination R 2 , and its statistical significance was checked by the F-test. The significance of the regression coefficients was tested by t-value. The statistical analysis of the results was carried out with the Experimental Design Module of the software Statistica 8.0 (Statsoft, USA). The model permitted evaluation of the effects of linear, quadratic and interactive terms of the independent variables on the chosen dependent variables.
Results and discussion
Starch accumulation in C. vulgaris strain P12
The experimental results obtained by the cultivation of C. vulgaris under different nutritional conditions based on the CCD for two factors, are shown in Table 2 . It can be noted that C. vulgaris was able to accumulate starch under all the evaluated conditions; however, the amount of starch produced strongly varied according to the levels employed for the independent variables. The highest starch contents (41.0%, 40.5% and 39.8%) were obtained under nitrogen-deprived conditions (initial urea concentration = 0 g L The results obtained in our study were remarkable when compared with previously reported data, some of which are summarized in Table 3 . As shown in this table, the microalgal starch content obtained in this study (41.0%) was the highest in comparison with those values reported in the literature resulting from the photoautotrophic cultivation of other C. vulgaris species. This content of starch in C. vulgaris P12 was almost the double of the starch yield found in Chlorella sp. TISTR 8485 and Chlorella sp. TISTR 8593 [20] . It is worth mentioning that higher starch accumulations than those attained in our work were already reported by Hirano et al. [9] and Choi et al. [22] during the cultivation of Chlamydomonas reinhardtii species. However, the higher light intensity used for those experiments in comparison with that employed in our study could explain such differences (Table 3) . High light intensities tend to enhance the production of polysaccharides in microalgae. Friedman et al. [23] demonstrated that 0.6-and 3-fold increases in polysaccharide content were obtained in cultures of Porphyridium sp. and Porphyridium aerugineum, respectively, when the growth light intensity was raised from 75 to 300 lE m À2 s
À1
. Tredici et al. [24] reported that carbohydrate synthesis in Spirulina platensis grown outdoors was significantly higher on sunny days than on cloudy days.
Due to the large differences observed in the amount of starch produced by C. vulgaris strain P12, a statistical analysis was carried out aiming at identifying which independent variable had significant influence on starch accumulation. The statistical significance of the initial nitrogen and iron sources on the response variable (starch content) is given in Table 4 . According to this analysis, the initial urea concentration was the only variable with significant influence on starch content at 95% confidence level. Such effect was negative, indicating that the starch content was enhanced by decreasing the initial concentration of the nitrogen source. This result ratifies previous findings of Behrens et al. [25] , where starch accumulation in C. vulgaris increased under nitrogen-starved conditions. The possible reason could be that under nitrogen deficiency/limitations the available nitrogen is utilized for synthesis of enzymes and essential cell structures. Any carbon dioxide subsequently fixed is therefore converted into carbohydrate or lipid rather than protein [26, 27] .
The initial iron source concentration did not present a statistically significant effect on starch content, implying that chelated Fe(III) did not affect the starch accumulation in C. vulgaris. Interaction effects among the studied variables were also not significant at 95% confidence level.
After identification of the variable affecting the starch accumulation, the experimental values were fitted to a second-order equation (Eq. (4) Table 2 along with the observed values. Comparison of these data indicates that there is a good agreement between the predicted and experimental values for the proposed range. Therefore, the central composite design and regression analysis were effective in identifying the optimal conditions for maximum accumulation of microalgal starch for the different nutritional conditions. The relation between independent variables and starch content in C. vulgaris can be best visualized by examining the surface plot presented in Fig. 1 . Fig. 1 clearly shows that decreasing initial urea concentration resulted in higher starch accumulation, with maxima values (P40%) being achieved under the minimum urea concentration (0 mg L
). These results implicate that the optimization using a response surface methodology based on the CCD can save the time and effort by the estimation of the variables that significantly influenced the starch accumulation in C. vulgaris.
Microalgal cell growth
To explore the influence of the initial nitrogen source concentration and initial chelated Fe(III) concentration on microalgal cell growth, the conditions of the experimental design which yielded higher starch content in microalgae (values of starch content >8.4%), were considered. The time-course profiles of cell growth obtained with different initial urea concentrations are depicted in Fig. 2 .
As shown in Fig. 2a and b, the cell growth of C. vulgaris improved significantly when urea concentration increased from 0 to 1.1 g L À1 (0-18 mM, respectively). This result is compatible with previous research observations. For example, Hsieh and Wu [11] reported that higher initial urea concentration (from 0.025 to 0.200 g L À1 ) of the nutrient medium resulted in an increased biomass yield of Chlorella sp. However, cell growth did not show significant difference when urea concentration further increased from 1.1 to 2.2 g L À1 (18-37 mM, respectively) ( Fig. 2b and c , there was no significant difference among them according to a Tukey's test (p < 0.05) (Fig. 2a) . On the other hand, growth of microalgae was positively influenced as the initial concentration of the iron source was raised from 0 to 0.04 g L
À1
, maintaining the initial urea concentration at the highest level (2.2 g L À1 ) (Fig. 2c) . The results described above hint that the optimum concentration of urea required for the growth of microalgae was 1.1 g L À1 , while the lowest concentrations of nitrogen and iron sources led to the highest starch productivity (0.199 g L À1 day À1 ). These data implies that a two-stage cultivation process would likely be optimal for a high starch yield from C. vulgaris strain P12: a first cultivation stage using a N-and Fe-supplemented medium (initial urea and FeNa-EDTA concentrations of 1.1 and 0.08 g L À1 , respectively) to attain a maximum growth rate and concentration of biomass, followed by a second stage that involves cell cultivation in a Nand Fe-free medium for a few days.
Conclusions
In this work, starch content of freshwater microalga C. vulgaris strain P12 reached up to 41.0% of dry cell weight, which was 8-fold higher than the control (central points of the experimental design). This result was achieved simply by altering the initial concentrations of urea and FeNa-EDTA in the culture medium. Since accumulation of starch occurred at nitrogen depletion conditions under which the cell growth was much slower than that observed during nitrogen supplemented cultivations, compromising between increasing starch content and cell growth will be necessary in order to attain high values of both biomass concentration and starch productivity.
